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Abstract

The Rubber Hand Illusion (RHI) is a well-established experimental paradigm. It has been shown that the RHI can affect hand
location estimates, arm and hand motion towards goals, the subjective visual appearance of the own hand, and the feeling
of body ownership. Several studies also indicate that the peri-hand space is partially remapped around the rubber hand.
Nonetheless, the question remains if and to what extent the RHI can affect the perception of other body parts. In this study
we ask if the RHI can alter the perception of the elbow joint. Participants had to adjust an angular representation on a
screen according to their proprioceptive perception of their own elbow joint angle. The results show that the RHI does
indeed alter the elbow joint estimation, increasing the agreement with the position and orientation of the artificial hand.
Thus, the results show that the brain does not only adjust the perception of the hand in body-relative space, but it also
modifies the perception of other body parts. In conclusion, we propose that the brain continuously strives to maintain a
consistent internal body image and that this image can be influenced by the available sensory information sources, which
are mediated and mapped onto each other by means of a postural, kinematic body model.
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Introduction

For most of us, it is quite easy to find our way around a familiar

environment. For example, we are able to find the light switch in a

dark but well-known room, even without actually seeing it. In

order to do so, the brain needs to be able to translate relative

location estimates into suitable hand motions. To realize such

translations suitable body representations and frame-of-reference

transformations need to be available.

In the literature a fundamental distinction is drawn between

body image and body schema representations [1], [2], [3], [4], [5]. We

adhere to Gallagher’s terminology, which states that a body image

refers to ‘‘a system of perceptions, attitudes, and beliefs pertaining

to one’s own body. In contrast, a body schema is a system of

sensory-motor capacities that function without awareness or the

necessity of perceptual monitoring.’’ ([3], p. 24). In this respect, we

focus on assessing aspects of the body image. In particular, we

investigate if a postural, kinematic body model is utilized for

maintaining an overall consistent body image across different

modalities and frames of reference.

It is well known that the body image is adjusted when current

sensory information about the own body is contradictory. For

example, in the rubber hand illusion (RHI) [6] bodily represen-

tations are affected to certain extents due to a sensory conflict

between proprioception and visuotactile information about the

hand. In the original RHI experiment by Botvinick and Cohen

[6], a life-sized rubber hand was placed in an anatomically

plausible position while the corresponding own hand was hidden

from view. During the experiment, both the real and the artificial

hand were stroked with paintbrushes. When simultaneously

stimulated, most of the subjects reported that they felt as if the

perceived touch was generated by the monitored brush, that is, the

brush that stroked the rubber hand. Furthermore, when they had

to judge their hand’s position with their eyes closed, their position

judgments shifted toward the rubber hand. This shows that the

RHI influenced aspects of the perceived body image.

Further experiments indicate that the peri-hand space appears

to be mapped onto the rubber hand during RHI experiments [7].

The RHI can even lead to fearful sensations when the artificial

hand is threatened [8], [9]. Armel et al. [8] suggested that the RHI

might be the result of a purely bottom-up Bayesian process, in that

the self-attribution of the rubber hand and a changed body image

were simply constructed based on strong statistical correlations

between different sensory modalities. This view was challenged by

Tsakiris and Haggard [10], who showed that the drift of the

unstimulated middle finger was proportional, albeit smaller, to the

drift of the index and little finger when those two fingers were

stroked synchronously – an effect that cannot be explained by a

purely bottom-up process. The authors [10] concluded that

concurrent visuotactile information was integrated into a repre-

sentation of one’s own body, thus allowing the generalization of

the illusion to adjacent fingers. Several other recent RHI studies

have investigated the effects of the illusion on reaching perfor-

mance and on the feeling of body ownership [11], [12], [13], [14],

[15], [16]. Most studies suggest that the RHI arises because the

brain attempts to overcome the sensory conflict between visual

information (that is, seeing the felt stroke on the rubber hand) and

proprioceptive information (feeling the actual posture of the own

arm and hand), resulting in a shift of the body image of the hand in

space.

A fundamental prerequisite for successfully inducing the illusion

is a plausible alignment of the fake hand in body-relative space [2],

[8], [10], [17], [18], [19], [20]. When the orientations of the fake

PLOS ONE | www.plosone.org 1 March 2014 | Volume 9 | Issue 3 | e92854

http://creativecommons.org/licenses/by/4.0/


and the real hand are incongruent, for example being prone versus

supine, the illusionary effects are decreased [17]. In addition, the

illusionary effects are strongly weakened, or even absent, when the

rubber hand is positioned far from the real hand and far from the

trunk, and thus outside of the peripersonal space [20]. Generally,

implausible rotations of the rubber hand can abolish the illusion

[2], [10], [17], [19]. Along similar lines, subjects also reported

higher ownership of the stimulated artificial hand when it was

placed at an angle that was easy to mimic with the actual hand,

compared to angles that are difficult to mimic [13], [21]. Finally,

the agreement of the strokes simultaneously applied to the own

hand and to the rubber hand is also a determinant factor for the

strength of the illusion. The illusion appears to be stronger when

the direction of the strokes on the rubber hand is in agreement

with the strokes on the own hand in hand-relative space [22].

These results suggest that when the perceived multisensory

information cannot be properly incorporated into an overall

plausible body image, the strength of the illusion decreases or does

not arise at all.

Seeing that the location and orientation of the rubber hand

relative to the body does matter, we asked ourselves the reverse

question: If the rubber hand is somewhat plausibly positioned but

its relative position and orientation requires an adjustment of the

internal body image beyond the hand, does the brain induce such

an adjustment? In the present study we show that the modification

of the body image, induced by the RHI paradigm, does indeed

affect not only the locally stimulated fingers and the hand, but also

estimates of the whole arm configuration. In particular, we show

that the perception of the elbow joint angle is adjusted. The joint

angle estimates are reported via a simple angular display, which is

adjusted in accordance to the felt elbow joint configuration. The

results essentially suggest that the brain attempts to continuously

maintain a consistent bodily representation by incorporating all

available sensory information sources, as well as knowledge about

body part sizes and body kinematics. In effect, state estimates of

body parts that do not stay in direct conflict with sensory

information can also be indirectly affected by the RHI.

Materials and Methods

To investigate if and to what extent bodily representations are

adjusted in order to maintain an overall coherent body image, we

used the RHI paradigm and extended it to ask participants to

estimate the current angular configuration of their elbow joint. In

addition, hand location estimates and answers to short question-

naires were gathered to determine the strength of the RHI in the

participants. Additional elbow angle estimates were collected in a

final baseline test to rate the general estimation accuracy for

different elbow postures.

Ethics Statement
All participants volunteered and provided written informed

consent. The study was conducted in accordance with German

Psychological Society (DGPs) ethical guidelines (2004, CIII), which

are in accordance with the WMA declaration of Helsinki.

Participants
Twenty-four students (six male and 18 female) participated in

the experiment. Their age ranged from 18 to 40 years

(mean = 22.87 years). All participants reported normal or correct-

ed-to-normal vision and no physical limitations. One participant

had an amputated index finger, so we stimulated the middle

fingers. Because the participants were wearing a semitranslucent

rubber glove, the appearance of the fake hand (with index finger)

was only slightly strange for the participant with the amputated

index finger. When excluding the data of this participant, the

significant effects reported below stayed significant in all cases.

Apparatus and Procedure
In the main experiment participants were asked to sit

comfortably, relaxed, and leaning slightly back in front of a table,

with the body’s mid-sagittal plane facing the side of the table. The

experimenter sat on the opposite side. The left elbow of the

participant was placed at a particular location at the edge of the

table and the left arm was oriented in a direction approximately

22u to the left of the main body axis. A box, a wooden board, and

a black cape were used to cover the shoulder, the arm, and the

stimulated hand of the participant, as well as the arm parts of the

artificial hand. The artificial hand, which was a plaster replica of a

real left lower arm and hand, was aligned with the left elbow but

was placed in an orientation of 44u clockwise with respect to the

real hand.

Both the stimulated left hand of the participants and the fake

hand were covered by a semitranslucent rubber glove, which made

it harder to perceive the exact details of the brush strokes. This

masked, to some degree, small inconsistencies between the two

strokes. The right hand of the participant was lying behind

another wooden board and was used to handle the computer

mouse, which was used for estimating the elbow joint angle.

Figure 1 shows the experimental setup.

Three types of dependent variables were assessed: location

estimates of the own hand, angular estimates of the own elbow

joint angle, and a short questionnaire consisting of three questions

about the strength of the RHI.

Location estimates were assessed by means of verbal reports of

the location. We placed a wooden board above the fake hand, as

well as the cape and the box covering the real hand. A straight and

flexible tape measure was positioned on the board, each time with

a different offset invisible to the participant. The tape was aligned

with the board edge that faced away from the participant and the

numbers on the tape (in centimeters) increased from left to right

from the participants’ perspective. Participants were asked to

report their hand location (in centimeters) with respect to the tape

measure.

Angular estimates were assessed by displaying an angle on a

projection screen and asking the participants to adjust the angular

display. The angle was displayed by two black bars with common

origin on a white background. The distance between participants

and the projected screen was approximately 1.5 meters. The bar

orientations could be adjusted via left and right mouse clicks,

increasing and decreasing the relative orientation angle of the two

bars respectively.

Finally, three questions from Botvinick and Cohen’s original

paper [6] were verbally asked about the perceived illusion at the

end of each trial. In particular, we used the first (Q1: ‘It seemed as

if I were feeling the touch of the paintbrush in the location where I

saw the rubber hand touched.’), the fourth (Q2: ‘It felt as if my

(real) hand was drifting towards the right (towards the rubber

hand).’) and their last question (Q3: ‘The rubber hand began to

resemble my own (real) hand, in terms of shape, skin tone, freckles

or some other visual feature.’) from [6]. The statements were

phrased in German as follows: ’’Während des Experiments gab es

Momente, in denen es schien, als würde…‘‘ Q1: ’’… ich die

Berührung des Pinsels dort spüren, wo ich die Berührung auf der

Gummihand sah.‘‘; Q2: ’’… sich meine echte Hand in Richtung

Gummihand bewegen.‘‘; Q3: ’’die Gummihand anfangen, meiner

echten Hand in Form und anderen visuellen Merkmalen zu

ähneln.’’

Rubber Hand Illusion Affects Joint Angle
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The answers were reported based on a Likert scale. This

psychometric scale had seven points with which the participants

were asked to rate their agreement with the respective statements:

(---) = not at all, (—) = very weakly, (-) = weakly, (0) =

moderately, (+) = strongly, (++) = very strongly, (+++) =

absolutely (in German: (---) = ‘‘überhaupt nicht’’, (—) = ‘‘sehr

schwach’’, (-) = ‘‘schwach’’, (0) = ‘‘mittelmäbig’’, (+) = ‘‘stark‘‘,

(++) = ‘‘sehr stark’’, (+++) ‘‘absolute’’). While Q1 and Q3 were

assessed to monitor the conscious judgment of the strength of the

illusion, Q2 was assessed to identify overly compliant participants,

seeing that participants typically disagree with it.

Each trial started by estimating hand position and elbow angle.

To avoid angular estimation biases, the elbow angle had to be

estimated twice. First, the displayed angle was initially wide and

participants had to decrease its size, while the second time the

angle was initially narrow, or vice versa. The stimulation followed

the initial measurements. The real and false index fingers were

stroked for three minutes by the experimenter with two small paint

brushes. Approximately one stroke per second was applied. To

manipulate the strength of the illusion, the stimulation was either

congruent or incongruent. In the congruent condition the strokes

were applied in the same direction; in the incongruent condition

the strokes were applied in opposite directions. However, in both

cases we applied similar stroke dynamics to minimize the

consciously perceived perceptual difference. We expected weaker

illusion effects in the incongruent condition.

While the hands were stimulated, participants were asked to

keep their visual focus on the fake hand. They were further

instructed not to move their upper body, arm, or hand. After the

stimulation, they first estimated their elbow angle and then

reckoned the hand position via the tape measure. Lastly, the

answers to the short questionnaire were recorded.

Each experiment consisted of four blocks of two trials each. In

each block one congruent and one incongruent stimulation trial

were conducted in randomized order across blocks and partic-

ipants. After each trial, participants were instructed to lift their left

hand for a few seconds to decrease sequence effects across trials.

After each block of two trials, participants were allowed to move

and relax their arms during a break of approximately 30 seconds.

After four blocks of trials, a final baseline test was conducted.

The setting was similar except that the box and boards were

removed. The left elbow was placed at the same location as during

the experiment, but the left hand was positioned at one of five

different locations, which were marked with different colors (cf.

Figure 1). The five locations were arranged in a half-circle with the

midline facing away from the participant. The individual locations

were separated by an angle of 11u. According to the program’s

instructions on the screen, participants placed their hand in the

direction of one of the points, the experimenter covered the arm

and hand with the cape, and the participant estimated the angle

twice. The order of directions was randomized. Each direction was

estimated twice.

Summary
In sum, we recorded the angle estimation and the estimated

hand position before and after hand stimulation. After each hand

stimulation period and the subsequent recording of elbow angle

and hand location estimates, a three-item questionnaire was

conducted. In a final baseline test, we assessed a basic estimation

accuracy of the elbow angle by positioning the lower arm in

different orientations away from the body, recording the estimated

elbow angles.

Our main hypotheses were that the elbow angle judgments

should be affected by the RHI in a way similar to the hand

location judgments. Due to the necessarily indirect influence of the

RHI on the elbow angle perception, mediated by a postural,

kinematic body model, we expected that the angular judgments

Figure 1. The setup of the experiment. Participants were seated comfortably, leaning slightly backwards. The own hand was hidden by a box
and the entire arm was covered by a cape (not shown). The screen for the angle adjustments was easily visible without needing to move the body.
The angle display was realized simply by two bars, which could be opened or closed by left and right mouse clicks. The colored dots were used for
positioning the hand during the baseline test.
doi:10.1371/journal.pone.0092854.g001
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should be affected less strongly. The questionnaire was given to

test if the RHI was also fully consciously experienced. In addition,

Q2 was asked to be able to identify willingly compliant subjects

who simply confirm everything. In accordance to Botvinick and

Cohen’s original paper [6], we expected that the answers to Q1

and Q3 should be positively affected by the RHI, while Q2 should

hardly be affected. Data analysis was performed using the SPSS 21

statistical software program.

Results

In the final baseline test, the hand was positioned towards

different locations on a circle, while the elbow position remained

constant. The perceived elbow angle was estimated twice in each

orientation. A repeated measures analysis of variance (ANOVA)

showed that the forearm orientation was a significant factor for

estimating the elbow angle (F(4,92) = 48.97, p,.001). Participants

reported wider angles for hand positions that were further from

the body than for those that were closer to the body. We identified

two participants whose angle estimates for the most extended and

the least extended arm orientation did not differ by more than 3u.
These two participants were excluded from any further analyses

that concerned the angular estimations. Note, however, that the

results reported below were not significantly altered by this

exclusion. That is, all significant effects identified were also

significant with these two participants included. The ANOVA for

the twenty-two remaining participants showed similar significance

(F(4,84) = 60.08, p,.001). The mean estimates for the different

arm positions were 131.3u, 123.0u, 115.2u, 109.5u and 100.4u,
starting with the most extended position. These values yield an

average angular change between neighboring positions of 7.7u
degrees, which is less than the actual angular difference between

adjacent locations (which was approximately 11u). However, these

subjective estimates can be considered approximately correct

because the shoulder joint orientation also contributed to the

orientation of the lower arm.

To detect overly compliant subjects we further analyzed the

answers to Q2. There were twelve trials in which participants very

strongly or even absolutely agreed with Q2. Since no participant

revealed such affirmatives more than twice, no data was excluded.

During the main experiment, the angle estimates and hand

location estimates were assessed before and after the stimulation.

Repeated measurement ANOVAs were used for hand localiza-

tions and perceived elbow angles with the factors stimulation

(before / after), congruency (congruent / incongruent) and block

(four blocks). Due to violations of sphericity we report Green-

house-Geisser adjusted values throughout. The ANOVA with

respect to the angle estimates revealed a significant main

stimulation effect (F(1,21) = 5.56, p = .028). This main effect of

stimulation was due to a decrease in the angular estimates after the

stimulation period, with a mean of 118.3u before stimulation

versus a mean of 113.6u after stimulation. The factor block also

showed a significant effect (F(3,63) = 6.66, p = .002), yielding

decreasing angular estimates in the successive blocks. The main

factor congruency did not reach significance (p = .109), nor did the

interaction of the factors stimulation and congruency

(F(1,21) = 1.96, p = .176). None of the other interactions yielded

significant effects (all p$.550). Table 1 shows the respective mean

angular estimates. Figure 2 shows the results in boxplot format.

Although the interaction between the factors stimulation and

congruency did not reach significance, post-hoc T-tests suggest a

tendency towards a stronger angle effect when the hands were

stimulated congruently (t(21) = 2.50, p = .021), compared to when

they were stimulated incongruently (t(21) = 1.71, p = .103).

Figure 3 illustrates the angle effect from a top view, plotting the

average elbow angle estimates given before and after congruent

and incongruent trials. To visualize the strength of the illusion, we

also plot the angle estimate of the actual arm, when the rubber

hand is not present, as well as an angle estimate that corresponds

approximately best to the fake hand. For the angle estimate of the

elbow joint angle of the actual arm we used the corresponding

estimate from the baseline test. For the angle estimate that

corresponds best to the fake hand, we interpolated the most inner

estimate of the baseline test by another 7.7u, yielding approxi-

mately 92.7u, because the rubber hand was oriented another 11u
(with respect to the table as the frame of reference, which

corresponded to approximately 7.7u estimated angles as assessed in

the baseline test) further towards the body (cf. Figure 1 and results

of the baseline test detailed above).

The ANOVA analysis with respect to hand localizations

revealed a significant main effect of the factor stimulation

(F(1,23) = 9.72, p = .005), a significant main effect of the factor

block (F(3,69) = 9.11, p,.001), and a significant main effect of the

Table 1. Mean elbow angle and hand location estimates in respective conditions.

Block-Averaged congruent incongruent

before after before after

angle est. (u) 118.3 112.3 118.2 114.8

location est. (cm) 3.59 8.63 4.18 6.28

Block-Respective block 1 block 2

congruent incongruent congruent incongruent

beforeafter after before after beforeafter after before after

angle est. (u) 122.1 115.6 121.1 117.5 120.0 114.4 118.8 116.2

location est. (cm) 0.42 6.58 2.52 5.04 3.10 7.54 3.54 4.81

block 3 block 4

congruent incongruent congruent incongruent

beforeafter after beforeafter after beforeafter after beforeafter after

angle est. (u) 116.9 110.1 114.9 113.8 114.3 109.1 117.9 111.8

location est. (cm) 4.85 9.54 5.69 7.23 6.00 10.85 4.98 8.02

doi:10.1371/journal.pone.0092854.t001
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factor congruency (F(1,23) = 4.34, p = .048). Moreover, a signifi-

cant interaction between the factors stimulation and congruency

(F(1,23) = 13.23, p = .001) could be identified. Before stimulation

the reported hand position was further away from the fake hand

than after stimulation, and this difference was more pronounced

for the cases when the hands were stimulated congruently. A

paired T-test confirmed this assessment – the difference between

hand location estimates before and after stimulation only reached

significance when the hands were stimulated congruently

(t(23) = 3.98, p = .001), not when they were stimulated incongru-

ently (t(23) = 1.81, p = .084). None of the other interactions

reached significance (all p$.482). Tab. 1 shows the respective

mean location estimates. Figure 4 shows the interactions by means

of a boxplot.

Figure 5 contrasts the induced estimation shifts towards the

rubber hand recorded with respect to the elbow angle and the

hand location estimates. For the location of the actual hand and of

the fake hand, we used the center of the hand as the approximate

location. For the elbow joint angles of the real hand and the fake

hand we used the estimates of the baseline test, as explained above

with respect to Figure 3. These results show a clear tendency

towards similarly strong influences of the RHI on hand location

estimates and on joint angle estimates.

To further statistically validate this correlation, we investigated

whether the differences in the reported hand location estimates

before and after stimulation correlated with the differences in the

reported elbow angle estimates before and after stimulation. The

correlation was high for the congruent condition (Pearson’s

r(88) = 2.71, p,.001) as well as for the incongruent condition

(Pearson’s r(88) = 2.62, p,.001). These results confirm that an

increase in location estimates towards the rubber hand strongly

correlated with a decrease in the angular estimates, which

essentially corresponds to an increase in the agreement of the

elbow angle with the position and orientation of the rubber hand.

In order to avoid correlation effects due to the identified block

dependency, the differences in the reported hand locations and

elbow angles before and after congruent and incongruent trials

averaged for each participant over the four blocks were also

analyzed for correlation, yielding an even higher correlation

(Pearson’s r(44) = 2.84, p,.001). Figure 6 shows this correlation in

the form of a scatter plot. Overall, the correlation results suggest

that when the RHI influenced the perception of the hand’s

location, the perception of the elbow angle configuration was

equally affected.

We also investigated effects on the answers to the three

questions asked after each trial. A repeated measurements

ANOVA with the factors question, congruency, and block showed

that the subjective judgments on the strength of the RHI did

Figure 3. Angle estimates shift towards the fake hand. Besides
the significant main effect of the shift of the angle estimates towards
the rubber hand after stimulation, this shift also appears to be more
pronounced in congruent stimulation trials. The joint angles corre-
sponding to the real hand and fake hand were derived from the
baseline test estimations.
doi:10.1371/journal.pone.0092854.g003

Figure 2. The angular estimates of the elbow joint are influenced by the RHI. After the stimulation of the hand, the angle estimate is more
in agreement with the orientation of the fake hand, that is, it is smaller than before the stimulation. This effect becomes more pronounced over the
blocks of the experiment. The boxplots encapsulate the medians and range from the end of the first to the end of the third quartile. The length of the
whiskers approximate the 95% confidence range (1.5 times the height of the box or minimum or maximum, respectively, dependent on the data).
Points denote outliers. Extreme outliers (values more than three times the height of the box) are indicated by stars.
doi:10.1371/journal.pone.0092854.g002
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indeed differ with respect to the factor congruency

(F(1,23) = 25.43, p,.001). The main factor block also reached

significance (F(3,69) = 3.47, p = .045), as did the factor question

(F(2,46) = 18.65, p,.001). Moreover, the interaction between

factors question and congruency reached significance

(F(2,46) = 7.31, p = .007), while no other interactions did (all

p$.107). In all cases, the congruent condition yielded stronger

agreement with the illusion questions: Q1 in congruent condition

(�xx = 1.468) versus in the incongruent condition (�xx = 2.021), Q2 in

congruent condition (�xx = 2.990) versus in the incongruent

condition (�xx = 21.604), and Q3 in congruent condition

(�xx = .177) versus in the incongruent condition (�xx = 2.672). Paired

Wilcoxon Signed-Rank Tests (two-sided) to compare the effect of

congruency on the answers to each question showed that only the

answers to Q1 and Q3 differed significantly (Bonferroni corrected

p-Values: Q1: p,.001; Q2: p = .12; Q3: p = .024), which

corresponds to results found in the recent literature [23].

Figure 7 shows the answer distributions on the Likert scale in

congruent and incongruent trials. With respect to block, the

medians and inner quartiles of the block-respective questions

showed that all questions were answered with progressively

stronger agreement.

The similar main effects across recorded measures raised the

question if the answers to the questionnaire correlate with the

location and angular estimates. If anything, we expected

correlations of the angular and location estimates with Q1 and

Q3, while Q2 was expected not to be significantly correlated, and

indeed, answers to Q1 correlated with the changes in angle

Figure 4. The location estimates are influenced by the RHI as expected. After the stimulation of the hands, the estimate drifts towards the
artificial hand, that is, it increases. During the congruent trials the illusion is more pronounced. The block order also has an effect on the estimates.
doi:10.1371/journal.pone.0092854.g004

Figure 5. The RHI influences location estimates and angle estimates in a comparable fashion. While the statistical effects are weaker for
the angle estimates, the amounts of change in location and angle estimates are comparable.
doi:10.1371/journal.pone.0092854.g005
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estimates (Spearman’s r(176) = 2.28, p,.001), as did the answers

to Q3 (Spearman’s r(176) = 2.35, p,.001). In contrast, there was

no correlation with Q2 (Spearman’s r(176) = 2.06, p = .43). The

correlations between verbal responses and differences in hand

location estimates before and after stimulation yielded analogical

results: Q1 (Spearman’s r(192) = .32, p,.001), Q2 (Spearman’s

r(192) = .07, p = .33), and Q3 (Spearman’s r(192) = .43, p,.001).

To determine block-independent correlations, we also analyzed

the answers to the questions averaged over the four blocks for

congruent and incongruent trials, correlating these averages with

the correspondingly averaged differences in location and angular

estimates before and after stimulation. The results yielded similar

correlations: answers to Q1 and Q3 correlated with the differences

in angular estimates (Q1: Spearman’s r(44) = 2.35, p = .019, Q3:

Figure 6. Location and angle estimates correlate significantly. Shown are the participant-respective differences in the reported hand
locations and elbow angles before and after congruent and incongruent trials averaged over the four blocks.
doi:10.1371/journal.pone.0092854.g006

Figure 7. Subjective assessment of the illusion. Median and inner quartiles of the three questions after congruent and incongruent stimulation.
Answer possibilities ranged on a seven-step Likert scale from agreeing ‘absolutely’(+++) to ‘not at all’(---). In the congruent condition participants
agreed significantly more with Q1 and Q3 than in the incongruent condition. As expected, participants agreed the least with Q2.
doi:10.1371/journal.pone.0092854.g007
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Spearman’s r(44) = 2.516, p,.001) but answers to Q2 did not

(Q2: Spearman’s r(44) = .019, p = .905). Similarly, answers to Q1

and Q3 correlated with the differences in location estimates (Q1:

Spearman’s r(48) = .42, p = .003; Q3: Spearman’s r(48) = .54,

p,.001) but answers to Q2 did not (Spearman’s r(48) = .07,

p = .634). Note that the slightly weaker effect strength with respect

to Q1 can be explained by a ceiling effect, in which case

participants fully agreed with Q1. Figure 8 visualizes the

significant correlations, further discriminating between congruent

and incongruent trials. In conclusion, the closer the hand’s

location or the elbow angle was estimated to the fake hand, the

stronger the participants approved Q1 and Q3, but not necessarily

Q2.

To assess if the mere presence of the fake hand had an influence

on the angle estimate, we compared the angular estimates of the

participants during the baseline test when the hand was positioned

exactly where the hand was during the rubber hand experiment

(which was the second furthest position from the own body) with

the angular estimates before a stimulation trial during the

experiment. Indeed, the difference reached strong significance

(t(21) = 23.52, p = .002). However, this was only the case when

aggregating the angular estimates before stimulation over all trials.

When calculating a paired T-test with the data from only the first

trial in the experiment, there was no significant difference

detectable (t(21) = 0.09, p = .932). Thus, the data suggests that

the presence of the artificial hand alone did not affect the

perception of the elbow angle. Moreover, the data indicates that

the illusion did not fully fade away until the start of the next trial,

thus yielding the effect that the averaged angular estimates before

all trials significantly differ from the corresponding estimates

assessed in the baseline test.

The complete data set is available online at http://www.cm.inf.

uni-tuebingen.de/data.

Discussion

The RHI has attracted a lot of attention in past years. The

illusion implies that even the own body is not a pre-existing, fixed

entity to the brain. Instead, the brain continuously estimates the

configuration, orientation, and position of its own body in the

Figure 8. Subjective illusion assessments correlate with angle and with location estimates. The more participants agreed to Q1 or Q3, the
closer their location estimates to the fake hand and the smaller their angle estimates, fostering agreement with the fake hand. Shown are the
participant-respective answers (Q1: left column; Q3: right column) in congruent and in incongruent trials and the corresponding differences in
angular (top row) and location (bottom row) estimates before and after stimulation averaged over the four blocks.
doi:10.1371/journal.pone.0092854.g008
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surrounding space. Providing incompatible sensory information,

such as incompatible visual information in the RHI, leads to a

sensory conflict and thus to a potential mislocalization of the hand

and hand-relative spatial encodings. The question addressed in

this study was how the brain attempts to resolve such a sensory

conflict. In particular, we asked if the brain only adjusts its

estimates about the body part for which a sensory conflict is

present, or if the brain also adjusts the estimates of other body

parts to maintain an overall consistent body image. In particular,

we investigated whether only the estimate of the hand position is

affected by the RHI, or if the estimate of the elbow joint angle is

also affected.

The presented results suggest that the latter is the case. Angular

estimates were adjusted in that the elbow angle estimate decreased,

reporting a joint angle that is in better agreement with the fake

hand’s position and orientation. Shifts in angular estimates also

strongly correlated with shifts in corresponding location estimates

towards the fake hand. Thus, the changes in angular estimates

appear to be affected by mechanisms that also affect the changes of

the location estimates. Clearly, however, the influence on the

angular estimates is less pronounced because the sensory conflict is

at the hand, not at the elbow. Most likely due to this weaker,

indirect influence of the illusion on the elbow angle estimates, the

estimate differences in incongruent versus congruent trials did not

reach significance.

The results of the short questionnaires are also in agreement.

The analysis revealed stronger effects in the congruent compared

to the incongruent condition for Q1 and Q3, but not for Q2 – an

effect that was observed in other studies as well [6], [11], [16],

[23]. More importantly, only the answers to Q1 and Q3

significantly correlated with the effects on angular and location

estimates. Thus, the body image of both the elbow and the hand

were adjusted in accordance with the strength of the experienced

illusion, indicating once more that the illusion in our study affected

hand and elbow in a similar fashion.

Taken together, the results of the presented experiment suggest

that besides the direct influence on the brain’s state estimation of

the own hand, the illusion also affects estimates about the state of

other body parts, such as the joint angle of the elbow. This shift of

other body part estimates must arise indirectly via an internal,

postural model of the own body. This body model needs to include

size and kinematic knowledge of body parts, joint angle

orientations, and the influence of current joint angles on the

orientation and location of the joint-dependent body parts. In

Gallagher’s terminology [3] this body model may be part of the

body image, essentially explicitly spelling out one aspect of the

‘‘beliefs pertaining to one’s own body.’’ Similar body models have

been proposed and discussed (cf. reviews in [12], [24]), in which

cases they were rather associated to the body schema, employing a

slightly different terminology.

When consistent, redundant sensory information from different

modalities is available about a body part, the body model enables

information exchange and effective information fusion, where

information fusion will most likely take place in a statistically

approximately optimal way [25]. If the sensory information from

different modalities is not in agreement, however, it may still be

fused to some degree, leading to the mislocalization of the hand.

Beyond this now rather well-known mislocalization effect, our

results show that the induced sensory conflict and the brain’s

resolution of this conflict, that is, the adjustment of the hand’s

localization, also leads to a corresponding adjustment of the elbow

angle estimate. This latter effect must be mediated by the

mentioned postural, kinematic body model, which projects the

adjusted body image of the hand onto other body parts, causing

their corresponding adjustment.

Seeing that in our study the RHI affected proprioceptive

representations and the estimations thereof, the results stand in

contrast with the model of Makin et al. [14], which suggests that

only hand location estimates are affected by the RHI. The neural

Modular Modality Frame model (nMMF), which was developed in

our group, is able to model angular adjustments due to incorrect

sensory information about the hand [26], [27]. nMMF compares

incoming multi-modal sensory information over time by means of

Bayesian information processing principles. A kinematic body

model is used to project modal information into other modalities

and frames of reference. If sensory information is in conflict, the

internal body state, which is represented neurally in the involved

sensory modalities, is adjusted to increase the agreement of the

information in conflict [26], [27]. To maintain an overall

consistent body model, nMMF then also adjusts its estimates

about dependent limb orientations and joint angles [27].

In the future, we believe that the available RHI data should be

modeled in a more rigorous way. Such a computational model

should also take other aspects of the illusion into account, such as

the dependency on the agreement of the dynamics and on the

orientation of the tactile strokes. Effects on body ownership

estimations as well as on tactile sensitivity should also be

considered further. Other bodily illusions suggest that estimations

about other body parts, such as the length of an arm limb or of the

nose [28], can be also affected by conflicting sensory information.

Such illusions may be modeled along similar lines. Finally, the

results cannot determine at this point whether the effect on the

angle estimate is a purely conscious, ‘‘imaginary’’ phenomenon, or

if it can also affect motor control. Thus, similar to the tests

respecting directional and grasping motions, which can be affected

by the RHI to certain extents [1], [23], [29], [30], [31], the

execution of arm movements that depend on the elbow orientation

should be tested in future work.
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